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Cariboo Forest RegionThe western spruce budworm (Choristoneura occidentalis Freeman; WSB) is a widespread and destructive
defoliator of commercially important coniferous forests in western North America. In British Columbia,
Canada, Douglas-ﬁr (Pseudotsuga menziesii) is the most prevalent host, and records show that signiﬁcant
outbreaks have primarily occurred in the southern interior over the last century. In the central interior of
British Columbia, particularly in the Cariboo Forest Region, the most recent outbreak of western spruce
budworm, which is in its second decade, has been severe and widespread. It is perhaps due to this long
outbreak, which is unprecedented in duration since detailed surveys began in the 1950s, that there is an
anecdotal perception that the western spruce budworm is expanding its range northward into the region,
affecting Douglas-ﬁr near the edge of its northern distribution. However, very little is known about the
long-term outbreak history of western spruce budworm in the central interior of the province. In this
study we used 11 Douglas-ﬁr host chronologies and 2 regional Pinus non-host chronologies to reconstruct
western spruce budworm outbreaks over a 435-year period. Standard dendrochronological techniques
were used to develop tree-ring chronologies at each site and the program OUTBREAK was used to detect
outbreak periods. We reconstructed 12 outbreaks starting in early 1600s with a mean return interval of
30 years. Sensitivity analysis illustrated that including light, moderate and severe intensity thresholds
modiﬁed the number of reconstructed outbreaks, their duration and mean return interval. Sub-regional
chronologies based on biogeoclimatic subzones and variants (BEC units), revealed strong synchrony of
some outbreak events, but not all. Wavelet analysis of the sub-regional chronologies demonstrated the
quasi-periodic behavior of western spruce budworm over the entire record, which averaged 32-years.
By reconstructing WSB dynamics over 400 years we demonstrated that outbreaks observed over the last
40 years in the Cariboo Forest Region are not unprecedented.
Crown Copyright  2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Budworms in the genus Choristoneura (Lepidoptera: Tortricidae)
that feed on conifers periodically experience population outbreaks
that extend over large geographical areas in North America. Nota-
ble in this regard is the western spruce budworm (WSB; Chori-
stoneura occidentalis Freeman), a widespread and destructive
defoliator in western North America (Fellin and Dewey, 1982) that
primarily feeds on Douglas-ﬁr (Pseudotsuga menziesii var. glauca
Beissn. Franco), but also on true ﬁrs (Abies spp.), Engelmann spruce
(Picea engelmanni Parry ex Engelm.) and western larch (Larix occi-
dentalis Nutt.) (Furniss and Carolin, 1977; Fellin and Dewey,1982). Repeated and/or sustained WSB outbreaks can result in
large timber volume losses, stem defects, mortality primarily in
understory trees, and regeneration delays due to budworm feeding
on developing cones (Alfaro et al., 1982; Fellin and Dewey, 1982;
van Sickle et al., 1983; Alfaro and Maclauchlan, 1992; Hadley and
Veblen, 1993; Maclauchlan and Brooks, 2009).
Since the early-1900s documented WSB outbreaks in the Doug-
las-ﬁr forests of British Columbia (BC) has resulted in the defolia-
tion of over 5.6 million hectares (Maclauchlan et al., 2006).
Despite the fact that Douglas-ﬁr is one of the most commercially
valuable conifer species in BC, attention toWSB outbreak dynamics
has primarily been conﬁned to the southern interior of the prov-
ince (Harris et al., 1985; Maclauchlan et al., 2006) where tree-ring
studies show that over the last 500 years WSB outbreaks have
occurred repeatedly, with a mean return interval of approximately
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outbreaks are demarcated in annual tree rings by periods of
reduced incremental growth that last through the outbreak and a
number of years following outbreak cessation (i.e., recovery per-
iod) (Alfaro et al., 1982).
Little is known about the long-term WSB disturbance history
in the Cariboo Forest Region of central interior BC. Systematic For-
est Insect and Disease Surveys (FIDS), which began in the early
1950s, ﬁrst documented WSB outbreaks in 1974 (Erikson, 1992),
and by the late-1990s over 200,000 hectares were experiencing
moderate to severe defoliation (Westfall and Ebata, 2000–2011).
Since that time, WSB defoliation has occurred episodically across
the BC interior and in 2003 increased to encompass
>500,000 hectares (Maclauchlan et al., 2006). Overlay analyses in
the Thompson–Okanagan Forest Region, immediately south of
the Cariboo Forest Region, suggests that defoliation since the
1980s is historically unprecedented in duration and extent
(Maclauchlan et al., 2006).
The recent history of defoliation in the Thompson-Okanagan For-
est Region suggests thatWSBmaybe expanding its range northward
into the Douglas-ﬁr forests of the adjoining Cariboo Forest Region in
response to ongoing climate change (Murdock et al., 2012). Given
thatWSB defoliation in this regionwould result in signiﬁcant deple-
tions in the assumed timber supply (BCMFR, 2007; Woods et al.,
2010), developing a comprehensive understanding of long-term for-
est-budworm interactions is essential for updating current forest
management strategies (Shepherd, 1994; BCMFR, 1995).
The purpose of this study was to develop multi-century recon-
structions of WSB outbreaks in the Cariboo Forest Region using
dendrochronological techniques. Speciﬁcally, we sought to deter-
mine the historical frequency of WSB outbreaks; the degree of
regional outbreak synchrony; and the periodicity of outbreaks
across multiple centuries. Dendrochronology has been previously
used in southern BC and in the western United States (US) to
reconstruct WSB outbreak histories, as well as to provide temporal
and spatial insights on outbreak dynamics across multiple centu-
ries (Swetnam and Lynch, 1989, 1993; Ryerson et al., 2003;
Campbell et al., 2005, 2006; Alfaro et al., 2014; Flower et al.,
2014). These studies have demonstrated the periodic nature of out-
breaks (Hadley and Veblen, 1993; Alfaro et al., 2014), their spatial
synchrony across scales (Swetnam and Lynch, 1989; Hadley and
Veblen, 1993; Campbell et al., 2006), and offer insights as to how
forest management activities inﬂuence outbreak dynamics
(Maclauchlan and Brooks, 2009).2. Methods
Historical WSB outbreaks are identiﬁed by detecting periods of
sustained growth suppression in Douglas-ﬁr tree-ring records
(Swetnam and Lynch, 1989; Alfaro et al., 1982). Feeding by
WSB on current year buds and foliage reduces or eliminates api-
cal growth during each year of defoliation. After an outbreak col-
lapses the surviving trees then take several years to regain full
foliage and for the annual growth ring to return to pre-outbreak
increments (Alfaro and Maclauchlan, 1992). To detect the dura-
tion and frequency of WSB outbreaks dendrochronological studies
commonly remove the climate-driven component of radial
growth contributing to inter-annual variation. This variation is
‘corrected’ using a chronology from a non-host tree species, i.e.,
a tree species that is not defoliated by the budworm, but is
sensitive to the same climatic conditions as the host. Periods of
sustained growth reduction remaining in the corrected host chro-
nology are inferred to result from WSB defoliation (Swetnam and
Lynch, 1989).2.1. Study Area
The Cariboo Forest Region extends from 51000 to 52300 north
latitude and from 120300 to 125450 west longitude in the BC cen-
tral interior (Fig. 1). The Fraser Plateau makes up a large portion of
the region and is characterized by a level to gently rolling land-
scape incised by river valleys, and local uplands with elevations
predominantly ranging from 900 to 1500 metres above sea level
(masl). The Chilcotin Plateau extends along the western periphery
of the region, beyond which the Coast Mountains rise sharply to
elevations up to 4000 masl. This landscape conﬁguration results
in a strong rain shadow effect and the western Chilcotin is the dri-
est portion of the study area, with average annual precipitation at
Tatla Lake averaging 403 mm/yr. As Paciﬁc air masses move further
eastward towards Williams Lake, humidity levels and precipitation
increase slightly, with annual precipitation totals averaging
417 mm/yr (Wang et al., 2012). Summer months are typically
dry, with most precipitation resulting from numerous convective
storms. In the winter months Arctic air masses result in extended
periods of extreme cold temperatures (Steen and Coupé, 1997).
In BC the biogeoclimatic ecosystem classiﬁcation (BEC) uses
vegetation, soils, and topography to identify geographic areas,
referred to as biogeoclimatic zones, which have a relatively uni-
form climate. BEC zones are further divided into subzones based
on the moisture and temperature regime of the area, respectively
and some BEC subzones are further classiﬁed into variants based
on their location or distribution within a subzone (Meidinger and
Pojar, 1991). In the Cariboo Forest Region, the Interior Douglas-ﬁr
(IDF) BEC zone makes up approximately 45% (17,000 km2) of the
area and is located above the valleys of the Fraser, Chilcotin, and
Chilanko rivers (Steen and Coupé, 1997). The very dry-warm
(xw) and very dry-mild (xm) subzones are the driest and warmest
in the region, and are transitional between grassland and forest
(Table 2). The dry-cool (dk) subzone covers the largest area in
the Cariboo Forest Region and is comprised of four variants, with
the Chilcotin variant (dk4) being the coldest and driest (Steen
and Coupé, 1997; Table 2). Herein, we shall refer to BEC subzones
(e.g., xm) and BEC variants (e.g., dk4) simply as BEC units.
Tree species characterizing the Cariboo Forest Region include
Douglas-ﬁr, lodgepole pine (Pinus contorta Dougl. ex. Loud.) and
at low elevations in the southern portion of the region, ponderosa
pine (Pinus ponderosa Dougl. ex P. & C. Laws). In a study of Douglas-
ﬁr growth in BC, Chen et al. (2010) found that radial growth trends
across all interior regions was positively correlated with precipita-
tion in the fall of the previous year and in the current growing sea-
son, while radial growth was negatively correlated with
temperature of the current growing season, suggesting that water
stress is an important parameter limiting radial growth. Griesbauer
and Green (2010) found that Douglas-ﬁr radial growth was
strongly correlated with previous July to current June precipitation,
with moisture sensitivity most pronounced at the dry southern
margins of the region. The radial growth of ponderosa pine is cor-
related positively to previous August and current July precipitation
(Watson and Luckman, 2002), and negatively to current June tem-
perature (Campbell et al., 2006), while radial growth of lodgepole
pine is correlated positively to previous July and current June–July
precipitation (Watson and Luckman, 2002; Lo et al., 2010; McLane
et al., 2011).
The negative radial growth correlations exhibited by all three
tree species to summer temperature in interior BC suggests that
increased evaporative losses and water stress during high temper-
ature intervals are detrimental to tree growth (Watson and
Luckman, 2002). In mid- to low elevation interior ecosystems,
tree-ring variability is primarily related to factors affecting water
supply, especially precipitation, indicating that tree growth is lim-
Fig. 1. Location of western spruce budworm host (Douglas-ﬁr) and non-host (pine species) tree ring chronologies and climate stations in the Cariboo Forest Region, British
Columbia, Canada (see Table 1 for chronology abbreviations). Inset map shows the outline of the Cariboo Region and the range of Douglas-ﬁr in grey shading (Little, 1971).
J.N. Axelson et al. / Forest Ecology and Management 335 (2015) 235–248 237ited by moisture availability in the previous and current growing
seasons (Watson and Luckman, 2002; Campbell et al., 2006;
Littell et al., 2008; Chen et al., 2010; Griesbauer and Green, 2010;
Lo et al., 2010; McLane et al., 2011).
2.2. Sample collection, preparation and outbreak detection
One difﬁculty in reconstructing WSB outbreaks in the Cariboo
Forest Region is the limited availability of long-lived non-host
Pinus trees. The recent mountain pine beetle outbreak affected
18.1 million hectares of mature forest in BC (BCMFLNRO, 2012),
decimating Pinus species across their geographic distribution. As
a consequence, it was necessary to access previously collected
tree-ring data to construct non-host chronologies for our study.
Lodgepole pine chronologies were archived at the Paciﬁc Forestry
Centre (Alfaro et al., 2004) and at the University of British Colum-
bia Tree-Ring Laboratory (Daniels and Watson, 2003). Ponderosa
pine chronologies were archived at the International Tree-Ring
Data Bank (ITRDB), the University of British Columbia Tree-Ring
Laboratory (Daniels and Watson, 2003), and at the University of
Victoria Tree-Ring Laboratory (Campbell et al., 2005, 2006). While
the convention in tree-ring based reconstructions of WSB is to col-
lect host and non-host chronologies from the same or adjacent for-
est stands (e.g., Swetnam and Lynch, 1989), as has been the case in
other studies (Boulanger et al., 2012; Alfaro et al., 2014) we chose
to combine the individual site data into species-speciﬁc regional
non-host chronologies. Despite the large spatial extent of the study
area previous work has demonstrated the strong moistureresponse of both pine species, and by constructing regional non-
host chronologies any non-climatic growth responses were mini-
mized while the regional climatic patterns were enhanced
(Ryerson et al., 2003).
All host (Douglas-ﬁr) and non-host (lodgepole pine and ponder-
osa pine) chronologies were developed by preferentially sampling
trees at breast height with 5.2 mm diameter increment borers, col-
lecting two cores from a minimum of 20 trees. After air drying, the
cores were glued to slotted mounting boards and sanded to a ﬁne
polish (180–600 grit sandpaper) until individual tracheids within
the annual rings were visible under the microscope. Tree ring-
widths were measured using either WinDENDRO (2009b, Regents
Inc. 2009) or a Velmex uniSlide digitally encoded traversing table
at a precision of 0.01 mm. The measured ring-width series from
individual sites were visually cross-dated and the list method
was used to identify possible errors in measurement due to false
or locally absent rings (Yamaguchi, 1991). Cross-dating was veri-
ﬁed using the program COFECHA (Holmes, 1986). Douglas-ﬁr sites
developed at locations less than 10 km apart were combined into a
single chronology. Individual ponderosa and lodgepole pine sites
were cross-dated and then combined into species-speciﬁc regional
non-host chronologies (Fig. 1, Table 1). Tree-ring series were stan-
dardized to remove the biological and geometric growth trends
using the program ARSTAN (Cook et al., 2007). In ARSTAN, user-
deﬁned curves were applied to each measurement series and a
bi-weight robust mean was computed using a mean value function
that minimized the effect of outliers, producing a dimensionless
stationary index time series with a deﬁned mean of 1.0 and a
Table 1
Properties of western spruce budworm host and non-host chronologies in the Cariboo Forest Region of British Columbia, Canada. Chronologies are arranged from east to west
(Fraser River to Tatlayoko Lake) and from the north to south (Farwell Canyon to Chasm, see Fig. 1) of the study area.
Site name Site ID Latitude Longitude Elevation (masl) Sourcea BEC unitsb Series length No. dated series Inter-series r ACc
Host-Douglas-ﬁr
Fraser River FR 515903400 1221701100 670 2010–11 IDFxm 1585–2010 57 0.73 0.66
Bull Canyon BC 520502000 1232105300 760 2010–11 IDFxm-dk4 1560–2009 38 0.75 0.49
Redstone RS 520903500 1235400800 990 2010–11 IDFdk4 1385–2009 68 0.74 0.72
Tatlayoko Lake TL 515101700 1243602300 1048 2010–11 IDFdk4 1544–2010 59 0.68 0.78
Farwell Canyon FC 515005300 1223005100 898 2010–11 IDFxm 1490–2009 57 0.77 0.56
Site 1 SI 520101200 121450000 900 UBC IDFdk3 1523–1994 42 0.85 0.77
Site 2 S2 515201200 1215501200 1050 UBC IDFdk3 1491–1995 43 0.74 0.73
Site 5 S5 51390000 1215204800 1129 UBC IDFdk3 1632–1995 31 0.79 0.74
Site 6 S6 512804800 1214901200 1285 UBC IDFdk3 1437–1994 40 0.80 0.76
Meadow Lake ML 512403400 1215504300 1171 2010–11 IDFdk3 1516–2010 50 0.76 0.66
Chasm CM 511202500 1212801600 1055 2010–11 IDFxw-dk3 1458–2010 71 0.74 0.72
Non-host
Regional lodgepole pine PL 51–52 122–124 985–1280 PFC, UBC IDFdk-SBPSxc 1775–2011 233 0.54 0.81
Regional ponderosa pine PY 50–52 119–121 700–1113 ITRTB , UBC, UVTRL BGxw-PPxh 1576–2011 95 0.62 0.74
a Source: 2010–11 = this study; ITRDB = International Tree-Ring Database; PFC = Alfaro et al. (2004); UBC = Daniels and Watson (2003); UVTRL = Campbell et al. (2005,
2006).
b Biogeoclimatic abbreviations: BG = Bunchgrass, IDF = Interior Douglas-ﬁr, PP = Ponderosa pine; dk = dry-cool, xm = very dry-mild, xw = very dry-warm.
c First order autocorrelation.
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width series were standardized using a two-step process: (1) a
negative exponential curve that removed biological growth trends;
and, (2) 50-year 50% frequency response cubic spline (Cook and
Peters, 1981).
The relationship between climatic variables (average tempera-
ture (C) and total precipitation (mm)) and tree-growth of the host
and non-host chronologies was evaluated using the program R (R
Development Core Team, 2013) package bootRes, which computes
Pearson correlation coefﬁcients and uses bootstrapping to calcu-
late signiﬁcance and conﬁdence intervals (Zang, 2012; Zang and
Biondi, 2012). Correlation coefﬁcients were computed between
residual chronologies and homogenized temperature (Vincent
et al., 2012) and adjusted precipitation (Mekis and Vincent, 2011)
data from the Adjusted Historical Canadian Climate Database
(http://www.ec.gc.ca/dccha-ahccd/) for the Kamloops, Williams
Lake and Tatlayoko Lake stations (Table 3). Correlation coefﬁcients
were computed on monthly climate variables from the previous
June (t  1) to September of the current growing year (t) in order
to determine the signiﬁcance of the previous growth season cli-
mate on tree growth in the current year (Fritts, 1976).
The tree-ring program OUTBREAK was used to reconstruct WSB
outbreaks by applying a set of user-deﬁned criteria for identifying
sustained growth reductions in each site chronology, and thus
potential insect-outbreak periods (Holmes and Swetnam, 1996).
Individual host chronologies, comprised of standardized ring-
width series averaged per tree, from each site were corrected sep-
arately using the regional non-host chronology using the following
criteria: (1) a minimum threshold of 8 years of below-average
growth; (2) reduction in growth below 1.28 standard deviation
(representing the lowest 10th percentile in growth); and, (3) inclu-
sion of periods of growth release prior to and after the maximum
growth reduction, to allow for the potential of increased growth
years at the beginning and ending years of an outbreak when larval
populations may be ﬂuctuating (i.e., declining and then surging)
(Swetnam et al., 1995; Ryerson et al., 2003). Similar threshold
parameters were previously used to identify WSB outbreaks
(Swetnam and Lynch, 1989, 1993; Swetnam et al., 1995;
Campbell et al., 2005, 2006; Alfaro et al., 2014). WSB reconstruc-
tions were developed with both the regional ponderosa and lodge-
pole pine non-host chronologies over the common period (1775–
2011) and correlated to ascertain the degree of ﬁdelity between
the two reconstructed outbreak histories.Evaluation of historical WSB outbreaks at each site required a
minimum sample-depth. Accordingly each outbreak reconstruc-
tion was truncated at a minimum of four trees. Outbreak number,
duration and return intervals were summarized for each site, and
averaged across sites. Return intervals were calculated from the
start of one outbreak to the start of the next outbreak. Three
thresholds were used that correspond to light, moderate and
severe defoliation: (a) at least 15% of trees recording an outbreak
(light), which minimizes noise but is more inclusive of lower inten-
sity outbreaks; (b) at least 50% of trees recording an outbreak
(moderate); and, (c) at least 75% of trees recording an outbreak
(severe).
To evaluate the robustness of the reconstructed outbreak his-
tory we compared those occurring in the latter half of the 20th cen-
tury with documented outbreaks in the southern interior of BC
(Harris et al., 1985; Erikson, 1992) and with those identiﬁed in
recent provincial aerial overview surveys (Westfall and Ebata,
2000–2011). Our reconstructions were also compared to previous
multi-century WSB outbreak reconstructions at sites in the south-
ern BC interior (Campbell et al., 2005, 2006; Alfaro et al., 2014) and
in the northwestern US (Swetnam et al., 1995; Flower et al., 2014).
In addition to assessing WSB outbreaks using the ratio of trees
that record an outbreak, the corrected chronologies were also
examined to describe the integrated stand-level response to WSB
outbreaks. All of the corrected chronologies were truncated to
the year 1632 and correlated to one another using Pearson correla-
tion coefﬁcients. Data were then transformed using a 10-year
spline to reduce inter-annual variability while still maintaining
high-frequency variability in the time series. All of the smoothed
corrected indices were grouped on the basis of their correlation
coefﬁcients and averaged into sub-regional chronologies to create
outbreak histories within the larger study area.
While it was not the primary objective of this study, we exam-
ined possible relationships between synchronous outbreaks and
climate by comparing the sub-regional chronologies with indepen-
dently reconstructed summer temperature (June–August) and May
1 snow water equivalence (SWE) anomalies for the Tatlayoko Lake
station (Table 3; Starheim et al., 2012). To facilitate comparison
between the datasets, the reconstructed climatic anomalies were
transformed using a 10-year spline. Synchronous WSB outbreaks
were deﬁned as periods when >5 consecutive years had index val-
ues in the lowest 75% percentile in at least 3 of the 4 sub-regional
chronologies.
Table 2
Characteristcs of the biogeoclimatic units where chronologies were sampled. Adapted from Steen and Coupé (1997).
Interior Douglas-ﬁr
(IDF)
Biogeoclimatic units
xw xm dk3 dk4
BEC unit label Very dry-warm Very dry-mild Dry-cool Fraser Dry-cool Chilcotin
Elevation (masl) 600–1000 800–1200 750–1200 1050–1350
Area (km2) 362 2373 8953 3994
Location in Cariboo
Forest Region
Southeast corner Valleys of the Fraser and
Chilcotin rivers
Southeast to northwest
(Williams Lake), east of the
Fraser River valley
North and south of the Chilcotin and
Chilanko river valleys
Mean annual
precipitation (mm)
No data 392 433 355
Mean annual
temperature (C)
3.5 4.0 3.3 2.8
General description Open park like appearance, with
mixed ponderosa pine and little
to no regeneration
Parkland of grasslands and
Douglas-ﬁr forests, some
clumps of aspen
Multi-aged Douglas-ﬁr
forests with abundant but
clumpy regeneration
Coldest variant of IDFdk subzone in
province, lodgepole pine present where
there is cold air accumulation
Dominant herb layer Pinegrass; Bluebunch wheatgrass Pinegrass; Kinnikinnick Pinegrass; Twinﬂower Pinegrass; Kinnikinnick
Adjacent BEC zonesa Above PP Above BG below IDFdk Above the IDFxm and below
SBPS/MS
Below SBPS
a Biogeoclimatic abbreviations: PP = Ponderosa Pine, BG = Bunchgrass, SBPS = Sub Boreal Pine Spruce, MS = Montane Spruce.
Table 3
Climate station name, ID number, period of record, location and elevation.
Climate station Station ID Period Latitude Longitude Elevation (masl) Correlated host-chronologies
Kamloops 1163780 1890–2010 504200800 1202603100 345 S5, S6, ML, CM, PY
Tatlayoko Lake 1088015 1930–2010 514200100 1242400200 870 TL
Williams Lake 1098940 1939–2010 521200100 1220505900 940 FR, BC, RS, FC, S1, S2
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chronologies into time–frequency domains to identify the domi-
nant modes of variability through time (Torrence and Compo,
1998). Wavelet analysis was performed using a continuous Morlet
transformation at the 99% conﬁdence level on the sub-regional
chronologies in the R package dplR (Bunn, 2008; Bunn et al., 2012).3. Results
3.1. Tree-ring data
The tree-ring chronologies used in this study were collected at
sites found throughout the study area (Fig. 1). Fourteen archived
and newly collected Douglas-ﬁr chronologies sites were combined
to develop 11 host chronologies (Table 1). Six archived lodgepole
pine chronologies and 6 archived ponderosa pine chronologies
were combined to develop two regional non-host chronologies
(Table 1).
The Douglas-ﬁr chronologies were constructed from trees found
primarily in the dry-cool Fraser or the dry-cool Chilcotin BEC units,
with the exception of the Fraser River and Farwell Canyon chronol-
ogies constructed from trees located in the very dry-mild BEC unit
(Tables 1 and 2). Two chronologies were located in transitional BEC
units: the Bull Canyon chronology is transitional between very dry-
mild and dry-cool Chilcotin; in the southeast the Chasm chronol-
ogy is transitional between the very dry-warm and dry-cool Fraser
(Fig. 1; Tables 1 and 2). All the Douglas-ﬁr sites were characterized
by open forests (averaging 375 trees per hectare) where the drier
stands (very dry-mild and very dry-warm) represent a transition
from grassland to more continuous forest at higher elevations
(dry-cool BEC units) (Steen and Coupé, 1997). Douglas-ﬁr sites
were located on rolling to terraced terrain, predominantly on south
to southwest facing slopes with elevations ranging from 600 to1285 masl (Table 1). The chronologies collected for this study
(2010 and 2011) came from trees exhibiting current WSB defolia-
tion, as well as evidence of previous outbreaks, such as top-kill and
sparsely foliated crowns.
The regional lodgepole pine chronology was compiled from
sites located in the dry-cool Fraser or dry-cool Chilcotin BEC units
or adjacent BEC units (e.g., Sub-Boreal Pine Spruce) (Table 1).
Stands were composed predominately of lodgepole pine with
minor components of veteran Douglas-ﬁr and/or aspen (Populus
tremuloides Michx.). Lodgepole pine stands typically had a higher
density than the Douglas-ﬁr sites (around 800–900 trees per hect-
are), and were located on mainly ﬂat to rolling terrain with eleva-
tions ranging from 985 to 1280 masl (Table 1).
The regional ponderosa pine chronology was compiled from
sites in the southern portion of the study area, at the northern
range of the species distribution (Burns and Honkala, 1990), or
from the adjacent Thompson–Okanagan Forest Region (Fig. 1).
Stands were located in the Bunchgrass or Ponderosa pine BEC
units, where the climate is characterized by warm to hot, dry sum-
mers and moderately cold winters with little snowfall (Steen and
Coupé, 1997). Ponderosa pine stands were mixed with Douglas-
ﬁr and characterized by open forests (averaging 270 trees per hect-
are) with the understory dominated by pinegrass (Calamagrostis
rubescens Buckl.) located on slopes with variable aspects (Table 1).3.2. Dendrochronological characteristics
The Douglas-ﬁr trees sampled in this study averaged 494 years
in age (Table 1), while the ponderosa and lodgepole pines ranged in
age from 236 to 435 years, respectively (Table 1). Inter-serial cor-
relation (r), the variation in tree-ring growth among all sampled
trees in a stand, ranged between 0.68 and 0.85 in Douglas-ﬁr and
from 0.54 to 0.62 in the non-host chronologies, demonstrating that
240 J.N. Axelson et al. / Forest Ecology and Management 335 (2015) 235–248all three species record a strong commonality in the response to
environmental inﬂuences. First-order autocorrelation, common in
tree-ring series describes the correlation between the tree-ring
width in the previous year (t-1) and ring width in the current year
(t) (Fritts, 1976). In Douglas-ﬁr, the lag-1 autocorrelations ranged
from 0.49 to 0.78 and the non-hosts were 0.74–0.81, indicating
the strong inﬂuence of radial growth in the previous year growth
on current year’s growth (Table 1).
Pearson correlation coefﬁcients between residual chronologies
and mean temperature and total precipitation indicate that both
host and non-host radial growth was similarly affected by climate
(Table 4). The most consistent signiﬁcant correlations in all of the
chronologies occurred for previous August precipitation (t  1)
and, to a lesser extent, previous June precipitation (Table 4). Signif-
icant correlations to mean monthly temperatures tended to be spo-
radic and no strong pattern emerged across sites (Table 4).
3.3. Outbreak reconstructions
Initially we developed two sets of outbreak reconstructions, one
constructed using the regional lodgepole pine chronology as the
non-host and a second constructed using the regional ponderosa
pine chronology as the non-host. The average correlation coefﬁ-
cient between the reconstructions was 0.60 (ranging from 0.42 to
0.83) (Fig. 2a), indicating good correspondence between non-hosts
and providing conﬁdence that either could be used in the outbreak
analyses. The outbreak reconstructions for each non-host are plot-
ted for Site 5 (Fig. 2b), which had an average correlation coefﬁcient
between reconstructions (r = 0.58), illustrating that overall the two
non-hosts produced similar outbreak histories in terms of timing
and duration. The most signiﬁcant difference between the two
reconstructions was the outbreak intensity. Reconstructions based
on lodgepole pine generally had a higher ratio of trees meeting the
outbreak parameters than those based on ponderosa pine (e.g.,Table 4
Signiﬁcant Pearson correlation coefﬁcients (p < 0.05) between current residual tree-ring chr
with ring formation.
Site ID Jun Jul Aug Sep Oct Nov Dec Jan
Mean temperature (C)
FR 0.29
BC -0.24
RS
TL 0.27 0.30 0.24
FC
S1 0.31
S2
S5
S6
ML 0.18
CM
PL
PY
Total precipitation (mm)
FR 0.40 0.25
BC 0.33
RS 0.32 0.25
TL 0.23
FC 0.36
S1 0.36 0.26
S2 0.44 0.27
S5 0.48
S6 0.17 0.34
ML 0.21 0.42 0.21
CM 0.23 0.34 0.19
PL 0.51 0.23
PY 0.43 0.33Fig. 2b). This pattern was consistent for all sites suggesting that
WSB outbreak reconstructions based on ponderosa pine are likely
to be more conservative. Nonetheless, we chose to use only the
regional ponderosa pine chronology to construct our ﬁnal WSB
reconstruction as it extended further back in time (>400 years).
Our WSB reconstructions show that outbreaks have occurred in
the Cariboo Forest Region for the past 300–400 years (Fig. 3). These
outbreaks have varied in intensity and duration at individual sites,
but at times were highly synchronous across the study area (Figs. 3
and 5). The sites with the longest outbreak reconstructions (FR, RS,
FC, S6, ML and CM; Table 1) all recorded outbreaks in the early-
1600s and 1630s, where 80–100% of trees recorded outbreaks
(Fig. 3). From the 1650s to the early-1700s site-speciﬁc outbreaks
occurred at generally low levels. In the 1720s a synchronous, mod-
erate outbreak occurred at all sites (Fig. 3). In the 1770s a high
intensity (60–80% of trees) outbreak occurred at nearly all the sites,
with the exception of FC and S1 (Fig. 3). The 1800s were character-
ized by a period of predominately stand-speciﬁc outbreaks of var-
iable intensity until the late-1800s when all the sites recoded a
severe outbreak (80–100% of trees) (Fig. 3).
Our reconstructed outbreak history was compared with survey
records from the 20th and 21st centuries. Ninety-one percent of
the Douglas-ﬁr stands examined in this study record outbreaks
from the late-1930s to mid-1940s (Fig. 3). Although few records
exist in the study area prior to 1994, documented outbreaks in
the mid-1930s to mid-1940s to the south and west closely coincide
to our reconstructed outbreaks (Harris et al., 1985). The 1974 WSB
outbreak observed by Erikson (1992) near the FC site chronology
(Fig. 1) appears at 64% of our sites, albeit as a low intensity event
that impacted from 20% to 40% of the trees at sites recording the
outbreak (Fig. 3). All of the sites recorded outbreaks in the mid-
1990s (Fig. 3), and by the mid-2000s 80 to 100% of trees at all sites
recorded the outbreak events mapped by the provincial aerial
overview survey (Westfall and Ebata, 2000–2011).onologies and climate variables in the growth seasons prior to (italics) and concurrent
Feb Mar Apr May Jun Jul Aug Sep
0.23 0.22 0.22
0.26
0.31
0.25
0.18
0.26
0.19
0.22
0.21
0.26 0.35
0.45 0.26
0.27
0.21 0.33
0.33
0.24
0.20 0.18 0.22
0.24
Fig. 2. (a) Pairwise Pearson correlation coefﬁcients between reconstructions of western spruce budworm outbreaks computed using the regional non-host lodgepole pine
chronology (PL) and the regional non-host ponderosa pine chronology (PY); all correlations are signiﬁcant (p < 0.05). (b) An example of western spruce budworm
reconstructions for Site 5 (S5) using PL (solid line) and PY (dashed line).
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number, duration and return interval for light, moderate and
severe defoliation periods. The greatest number of outbreaks corre-
sponded to light defoliation, and the least to severe defoliation
events. In the light defoliation category we reconstructed an aver-
age of 12 outbreaks with an average duration of 15 years
(±1.8 years) and a return interval of 29.8 years (±5.6 years)
(Table 5). For moderate defoliation there was an average of 5 out-
breaks with an average duration of 11 years (±5.5 years) and return
interval of 64.2 years (±20.2 years). Under the severe defoliation
category there was an average of 2 outbreaks, with an average
duration of 9.6 years (±1 year) and a return interval of 132.8 years
(±44.5 years) (Table 5).
Pairwise Pearson correlation coefﬁcients between corrected
chronologies showed that the highest r values occurred between
chronologies located within the same, or adjacent BEC units
(Tables 1 and 6). All corrected chronologies, smoothed with a 10-
year spline and grouped on the basis of their correlations coefﬁ-
cients, resulted in four sub-regional chronologies that correspond
to BEC units across the study area. One group included the FR
and FC chronologies from the very dry-mild BEC unit; another
group included the northern chronologies, BC, RS and TL located
in the dry-cool Chilcotin BEC unit; a third group included the S1,
S2, S5 and S6 chronologies from sites east of the Fraser River valley
in dry-cool Fraser unit; and, the ﬁnal group included the two
southernmost chronologies, ML and CM, which are transitional
between the dry-cool Fraser or the very-dry warm BEC units,
respectively (Fig. 4).
3.4. Outbreaks and climate
From 1658 to 2009, smoothed records of Tatlayoko Lake sum-
mer temperature (June–August) and May 1 snow water equiva-
lence (SWE) highlight the low frequency variability inherent to
each time series (Fig. 5a and b). Positive summer temperature
anomalies are generally accompanied by negative May 1 SWE
anomalies (and vice versa), although this strong inverse relation-
ship weakens in the 1840s until the late-1880s, when the ampli-
tude of anomalies ﬂattens (Fig. 5a and b). The decreased
amplitude in the summer temperature record is particularly nota-
ble and lasts from around the mid-1700s to late-1800s (Fig. 5a).
From 1658 to 2009, ten synchronous outbreak periods at the
sub-regional scale were identiﬁed (Fig. 5c). In general, synchronous
outbreaks at the beginning and end of the record correspond to
positive summer temperature and negative SWE anomalies(Fig. 5). However, the opposite trend occurs from the late-1700s
to the 1850s and late-1920s when synchronous outbreaks corre-
sponded to negative temperature and positive SWE anomalies.
From the early-1800s to the 1860s there is an absence of synchro-
nous outbreaks in sub-regional chronologies and a decomposition
in a common signal between chronologies (Fig. 5c), which corre-
sponds to decreased amplitude in summer temperature anomalies
over the same period (Fig. 5).3.5. Periodicity of outbreaks
Wavelet analysis revealed both high and low frequency vari-
ability in the WSB sub-regional chronologies (Fig. 6). The high fre-
quency 16-year period is apparent in each sub-regional
chronology primarily from the 1670s to approximately the late-
1700s to early-1800s. This mode of variability appears associated
with high frequency oscillations in the sub-regional chronologies,
which is most pronounced in the dry river valley sites of the
very-dry mild BEC unit, and is nearly absent in the wetter forests
of the dry-cool Fraser unit (Fig. 6; Table 2). The low-frequency,
multi-decadal signal centered on the 32-year period is a prominent
feature in all of the sub-regional chronologies after the late-1700s
and likely reﬂects more regular WSB outbreaks across the study
area (Figs. 3 and 6). This low-frequency signal is the most promi-
nent signal from the 1850s to present day. In the dry-cool Fraser
sub-regional chronology, the wettest BEC unit in the study area
(Table 2), and to some extent the transitional dry-cool Fraser to
very-dry warm sub-regional chronology, there appears to be a qui-
escent phase in outbreak behavior from around 1725 to 1825 char-
acterized by lower amplitude oscillations and lower power in the
wavelet spectrum in the 32-year period (Fig. 6).4. Discussion
Reconstruction of western spruce budworm dynamics in the
Cariboo Forest Region indicates that outbreaks have been wide-
spread and synchronous over the last four centuries. Over the per-
iod of record from 1576 to 2011 we identiﬁed 12 low-intensity
outbreaks lasting on average 15 years with a return interval of
29.8 years (Table 5). This ﬁnding conﬁrms that the outbreaks
observed over the last 40 years in this region are not unprece-
dented and offers no support for the perception that the WSB has
been expanding northward into the Cariboo Forest Region.
Fig. 3. Reconstructions of western spruce budworm outbreaks across the Cariboo Forest Region, British Columbia, Canada. Outbreak reconstructions were truncated to a
minimum sample depth of four trees. Left y-axis is the percentage of trees recording an outbreak; right y-axis sample depth for each site.
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tree-ring based reconstructions of WSB outbreaks that are worth
considering in the context of our study: (1) only surviving trees
are sampled thus reconstructed outbreaks do not capture mortal-
ity; (2) non-host species used to correct for climatic variations
are themselves imperfect recorders of climate, therefore the cor-
rected chronologies likely contain year-to-year variation unrelated
to budworm activity; and (3) identiﬁcation of budworm outbreaks
may be limited to moderate and severe outbreaks as low intensity
periods of defoliation may not be readily distinguishable from
other forms of variability in the corrected chronologies. Another
possibility is that false outbreaks are reconstructed in the corrected
tree-ring chronologies, however we ﬁnd this unlikely as crown
defoliation must reach around 50% before signiﬁcant radial growth
losses are detected (Alfaro et al., 1982).
In this study we used two regional non-host controls and found
that, for the common period, the reconstructed outbreaks had highTable 5
Reconstructed number, duration and return interval of outbreaks by individual sites organ
three levels of budworm outbreak intensity.
Site Start of recorda Percent of trees affected (%)b No. of
Very dry-mild (xm)
FR 1619 15 10
50 9
75 2
FC 1615 15 11
50 5
75 4
Dry-cool Chilcotin (dk4)
BC 1676 15 9
50 7
75 2
RS 1576 15 13
50 6
75 3
TL 1652 15 12
50 4
75 2
Dry-cool Fraser (dk3)
S1 1720 15 11
50 4
75 1
S2 1695 15 11
50 3
75 1
S5 1657 15 11
50 5
75 1
S6 1585 15 12
50 5
75 1
Very dry-warm (xw)
ML 1594 15 12
50 7
75 2
CM 1590 15 19
50 4
75 1
Average 1634 15 12
50 5
75 2
a Start of record for each site truncated when there were fewer than four host trees i
b Percent of trees equates to defoliation intensity: low > 15%, moderate > 50% and sev
c Return intervals are number of years between start year of outbreaks.ﬁdelity in terms of timing, duration and frequency (Fig. 2). Sources
of inconsistency between the two reconstructions were associated
with the start and end years of outbreaks, a broad problem with
the outbreak detection method employed here due to lag effects
between budworm defoliation and subsequent growth suppres-
sion (Thomson and van Sickle, 1980; Alfaro et al., 1982;
Swetnam and Lynch, 1989) and in the intensity of individual out-
breaks. For example, outbreak reconstructions using the regional
lodgepole pine non-host show a higher intensity outbreak in the
1800s than the ponderosa pine non-host, while the reverse was
true for the 1900s outbreak (Fig. 2b). We attribute these differ-
ences to the degree and type of climatic variability captured by
each non-host (limitation 2 identiﬁed above), as well as the poten-
tial for local endogenous processes to be reﬂected in the year-to-
year variation in the tree-ring series.
Using the longer regional ponderosa pine non-host chronology
(Table 1), we identiﬁed 12 low-intensity WSB outbreaks over aized by their sub-regional biogeoclimatic unit grouping. Return intervals are given for
outbreaks Duration (years) Return Intervalc (years)
Mean SD Mean SD
18 12 38 21
11 10 42 22
11 1 189 115
14 6 34 7
13 4 76 28
10 3 94 61
16 6 35 19
8 2 44 11
8 4 113 13
14 8 30 15
27 43 61 48
9 2 156 165
15 9 29 13
11 5 47 14
9 1 95 35
12 5 21 8
8 3 67 56
10 – 93 –
17 13 28 18
9 4 94 28
10 – – –
15 6 27 14
7 2 54 33
10 – – –
16 8 33 14
11 5 73 35
11 – – –
16 12 33 19
9 3 54 29
10 1 190 117
13 6 20 9
9 2 94 72
8 – – –
15.1 1.8 29.8 5.6
11.2 5.5 64.2 20.2
9.6 1.0 132.8 44.5
n the sample.
ere > 75%.
Table 6
Signiﬁcant pairwise correlation coefﬁcients (p < 0.01) between corrected chronologies. For each chronology the highest between-sites correlation coefﬁcient is outlined.
Fig. 4. Smoothed (10-year spline) sub-regional chronologies plotted by biogeocli-
matic unit. Start year truncated to 1632 and end year to 1994 for dry-cool Fraser
sites and to 2009 for remaining sites (see Tables 1 and 2 for chronology
abbreviations and biogeoclimatic unit descriptions).
Fig. 5. Relationship between reconstructed climatic variables (a & b; Starheim
et al., 2012) and sub-regional western spruce budworm outbreak reconstructions
(c) smoothed with a 10-year spline: (a) Tatlayoko Lake June–August temperature
(JJA T) anomalies (sd = standard deviation); (b) Tatlayoko Lake May 1 snow water
equivalence (SWE) anomalies; (c) sub-regional reconstructions (xm = very dry-
mild, dk4 = dry-cool Chilcotin, dk3 = dry-cool Fraser, xw = very dry-warm). Grey
shading corresponds to synchronous outbreak periods representing index values in
the lowest 75% percentile for each sub-regional outbreak reconstruction.
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This ﬁnding is similar to those of Campbell et al. (2006) who iden-
tiﬁed 8 WSB outbreaks over a 300-year period or one outbreak
approximately every 37 years in the southern interior of BC. While
we identiﬁed low-intensity events when P15% of trees recorded
an outbreak, Campbell et al. (2006) identiﬁed an outbreak when
P35% of trees recorded an outbreak (Table 5).
The application of a minimum threshold can be effective at dif-
ferentiating between low and moderate intensity outbreaks. How-
ever, the threshold itself is somewhat subjective, as it is not based
on theoretical or experimental values. It is possible that the thresh-
old minimum of 35% may be too conservative and exclude small
and/or low intensity events (Ann M. Lynch, personal communica-
tion). Defoliation impacts are often highest among trees in the sup-pressed and intermediate height classes (Alfaro and Maclauchlan,
1992), yet in our study (and others) canopy dominants were
selected for reconstruction purposes to obtain the longest possible
records. These individuals, however, may not be capturing the full
impact of budworm feeding. When we increased the minimum
threshold to 50% (moderate) the number of reconstructed out-
breaks dropped to 5 (from 12) that on average lasted 11 years with
a return interval of 64 years (Table 5). While the duration of low
and moderate intensity events were similar (15 versus 11 years),
the return interval increased two-fold (Table 5), which is consis-
tent with return intervals reconstructed for WSB outbreaks in the
Colorado Front Range (Ryerson et al., 2003).
Examining the corrected chronologies at the sub-regional scale
provides another avenue to explore WSB outbreak dynamics across
the study area, and illustrates the strong association between chro-
nologies collected from the same BEC units (Fig. 4). The sub-regio-
nal chronologies highlight the strong ﬁdelity between chronologies
within group (i.e., BEC unit) and the synchronous WSB outbreak
events across the study area, while also emphasizing the unique
outbreak history at smaller spatial scales (Figs. 4 and 5). For exam-
ple, chronologies in the very dry-mild BEC unit (FC and FR) are
located on south facing slopes of the Fraser or Chilcotin Rivers
Fig. 6. Sub-regional chronologies smoothed with a 10-year spine (top panel) and the wavelet power spectrum based on a continuous Morlet transformation (bottom panel).
The cross-hatched region in lower panel of each plot is the cone of inﬂuence, where zero padding has reduced the variance, and the black contour encloses regions of greater
than 99% conﬁdence.
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when compared to the other sub-regional chronologies (Fig. 4).
Chronologies from the dry-cool Fraser BEC unit (S1–S2, S5–S6)
(Fig. 4), which is characterized by wetter and cooler conditions,
have a notable quiescent phase from the early-1700s to early-
1800s (Figs. 4 and 5) that also corresponds to decreased power in
the wavelet spectrum (Fig. 6). This suggests that site and/or stand
conditions play an important role in mediating tree response to
WSB outbreaks. For the very dry-mild sites conditions such as
steep slopes, thin soils, and availability of soil moisture all likely
contribute to increasing the sensitivity of these chronologies to
negative (e.g., WSB defoliation) and positive (e.g., growing season
moisture) stimulus. Conversely, the dry-cool Fraser sites, which
were sampled at higher elevation (Table 1) and not from steep
slopes, have a dampened sensitivity to environmental factors
(Fig. 4). Site factors in combination with cooler and wetter climatic
conditions (Table 2) are likely resulting in a more average growth
response over time where tree grow is less responsive to events
like budworm feeding (Fig. 4). The stand level to sub-regional scale
WSB outbreak dynamics across the study area highlight the com-
plex interactions between: site characteristics, canopy structure
and composition, host plant quality, bud phenology, growth rates,
tree resistance and climate, which to some extent all play a role in
determining the intensity of individual outbreaks and tree growth
responses across an area (Kozlowski, 1969; Clancy, 1992; Swetnam
and Lynch, 1993; Chen et al., 2001; Maclauchlan and Brooks, 2009;
Nealis, 2012).
Synchronous outbreak periods in the Cariboo Forest Region in
the 1720s, late-1700s, 1870s and 1930s (Fig. 5) were also present
in the reconstructions from locations south of our study area
(Campbell et al., 2005, 2006; Alfaro et al., 2008, 2014; Flower
et al., 2014). Notably, the outbreak from 1898 to 1909 was a wide-
spread event that appears in reconstructions in the area directly
south of the Cariboo Forest Region (Campbell et al., 2006; Alfaro
et al., 2014), the southern Okanagan (Alfaro et al., 2008, 2014),
southern Vancouver Island (Harris et al., 1985), as well as in north-
eastern Oregon (Swetnam et al., 1995) and in stands found from
central Oregon to western Montana (Flower et al., 2014). Three
mechanisms have been suggested for coincident changes in the
abundance of geographically discrete populations: dispersal of
populations; dependence of population dynamics on a synchro-
nous exogenous factor such as temperature or rainfall, essentially
the ‘‘Moran’’ effect (Moran, 1953); and, trophic interactions with
populations of other species that are also spatially synchronous
or mobile (Liebhold et al., 2004). Peltonen et al. (2002) studied spa-
tial synchrony of forest insect outbreaks found that the Moran
effect was likely the dominant mechanism causing spatial syn-
chrony in outbreaks across regional scales and that dispersal was
of lesser importance. This ﬁnding was supported by Swetnam
and Lynch (1993) who also found that exogenous factors (e.g., cli-
matic variability) played a signiﬁcant role in regulating regional-
scale WSB outbreaks in northern New Mexico. More recently,
Flower et al. (2014) found that warm-dry climate preceded out-
breaks by up to three years, but during outbreaks conditions
tended to be cooler and wetter.
The comparison of regionally synchronous WSB outbreaks and
climatic proxies from the western portion of the study area suggest
that the inﬂuence of climate on outbreak dynamics is highly com-
plex (Fig. 5). From the late-1600s to early-1700s and from the
1940s to the end of the record, synchronous outbreaks coincide
with positive summer temperature and negative SWE anomalies
indicative of warmer and drier climatic conditions (Fig. 5). How-
ever, from the late-1700s to the around the 1920s synchronous
outbreaks coincide with negative temperature and positive SWE
anomalies that are indicative of cooler and wetter climatic condi-
tions (Fig. 5). During this same time period (with the exceptionof the 1920s) extensive wet periods prevailed across the southern
Canadian Cordillera (Watson and Luckman, 2004) and there were
numerous episodes of glacial expansion in Mt. Waddington range
west of the study area (Larocque and Smith, 2003). During periods
when warmer and drier conditions were associated with WSB out-
breaks (Fig. 5), Starheim et al. (2012) found that the low-frequency
signals associated ocean-atmospheric forcing, i.e., Paciﬁc Decadal
Oscillation and the Paciﬁc North America Index were prominent
in their hydroclimatic reconstructions.
Previous research in the western US shows that WSB outbreaks
are associated with wetter conditions in the spring and summer,
while years leading up to outbreaks are associated with drought
conditions (Swetnam and Lynch, 1989, 1993; Ryerson et al.,
2003; Flower et al., 2014). In southern BC, outbreaks have been
found to be associated with average air temperatures and drier
winters (Campbell et al., 2006). Our comparison between recon-
structed summer temperature and May 1 SWE anomalies, and syn-
chronous WSB outbreaks reveals that the association of these
variables are not temporally stable and suggest that a single cli-
matic condition does not offer an explanation for regionally syn-
chronous outbreaks in the central interior of BC.
In previous studies of WSB outbreak cycles, strong periodic
components of 30 and 40 years over centuries have been docu-
mented using Single Spectrum Analysis (Ryerson et al., 2003;
Campbell et al., 2006; Alfaro et al., 2014), and are similar to periods
found by Swetnam and Lynch (1993). In eastern Canada, eastern
spruce budworm (Choristoneura fumiferana (Clem.)) populations
have oscillated more or less periodically over two centuries with
an average period of 35 years (Royama, 1984). In this study, a con-
tinuous Morlet wavelet transform of the sub-regional chronologies
revealed strong modes of variability ranging from 16 to 64-year
cycles (Fig. 6), which is consistent with other studies. The begin-
ning of the outbreak chronologies, early-1600s to mid-1700s,
was characterized by the high frequency 16-year pattern suggest-
ing that WSB outbreak occurred with greater frequency during the
15–16th centuries (Fig. 6). The lower-frequency 32-year period
became more evident after the late-1700s, which is coherent with
the analysis of the return intervals of WSB outbreaks (Table 5) and
coincides to the period when cooler and wetter conditions were
associated with regionally synchronous WSB outbreaks (Figs. 5
and 6). In all of the sub-regional chronologies this low-frequency
32-year period became prominent after the mid-1850s suggesting
that WSB outbreaks became more temporally stable after this time
(Fig. 6). Widespread outbreaks across the study area (Fig. 5), and
outbreak periodicities with an average of 32-years (Fig. 6) supports
previous research that climate may have a synchronizing inﬂuence
on outbreak dynamics at larger spatial scales (Royama, 1984;
Williams and Liebhold, 2000; Peltonen et al., 2002; Jardon et al.,
2003). However, more detailed analysis of a variety of climatic
parameters is required to corroborate this in our study area.5. Conclusion
Multi-century reconstructions of WSB outbreaks in the Cariboo
Forest Region of British Columbia describe their cyclic population
dynamics and demonstrate the long standing presence of WSB in
this area. WSB outbreaks have occurred throughout the entire
400-year record at the stand to the regional level, with outbreaks
lasting from 14 to 18 years not uncommon. Perhaps most impor-
tantly, this study demonstrates that outbreaks observed over the
last 40 years in this region are not unprecedented and offers no
support for the perception that the WSB has been expanding
northward into the Cariboo Forest Region.
Numerous WSB outbreaks documented in this study are syn-
chronous with large-scale events recorded in the southern interior
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breaks at this spatial scale are likely affected by global processes
(e.g., climate), while processes endogenous to the budworm/host
relationship (e.g., bud burst phenology) are likely responsible for
local variability in timing and intensity of outbreaks. At smaller-
scales the relative inﬂuences of dispersal and stochastic agents
remains uncertain (Peltonen et al., 2002), thus more focused
research on the role of endogenous variables, such as the degree
of homogeneity in budburst phenology in combination with mea-
sures of budworm population rates of change, and/or severity of
defoliation could provide more direct linkages between weather,
host-plant relationships, and outbreak dynamics (Nealis and
Nault, 2005).
This research ﬁlls an important knowledge gap on the spatial
temporal dynamics of WSB outbreaks in the central BC, close to
the edge of the distribution of its host, Douglas-ﬁr. The current sus-
tained outbreak in the Cariboo Forest Region is not yet unprece-
dented when considering the last 400 years, however additional
research is required to gain a better understanding of the long-
term WSB dynamics to the north and east of our study area. At
the stand and tree-level, research directed at quantifying what
minimum thresholds are biologically meaningful to identify histor-
ical outbreaks would be useful, as would gaining a more detailed
understanding of how local factors (e.g., bud burst phenology
and insect dispersal) control outbreak initiation and defoliation
severity and duration. A detailed analysis of how climate inﬂu-
ences widespread outbreaks in the central interior of BC is required
to determine how this compares or contrasts with results obtained
from other regions of western North America. Finally, climate
change is expected modify insect-host relationships; where the
intensity of insect outbreak behavior is expected continued atten-
tion needs to be directed at questions such as how intrinsic popu-
lation growth is related to temperature and how dispersal is
altered by climate change.
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